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A B S T R A C T   
The open-source code DualSPHysics is applied to simulate the interaction of sea waves with floating offshore 
structures, which are typically moored to the seabed, such as vessels, boats, floating breakwaters and wave 
energy converters (WECs). The goal is to develop a numerical tool that allows the study of the survivability of 
floating moored devices under highly energetic sea states, obtaining the optimum mooring layout to increase 
lifetime. The moorings are modelled by coupling DualSPHysics with MoorDyn, a lumped-mass mooring dynamics 
model. MoorDyn represents mooring line behaviour subject to axial elasticity, hydrodynamic forces in quiescent 
water, and vertical contact forces with the seabed. Calculated mooring tensions at the fairlead are added as 
external forces in order to compute the resulting response and motions of the floating structures in DualSPHysics. 
The coupled model has been validated against data from scale model tests generated during the experimental 
campaigns for the European MaRINET2 EsflOWC project. In order to evaluate the accuracy of the coupling 
implementation with the lumped-mass mooring model, free-surface elevation, motions of the floater and 
mooring tensions are numerically computed and compared to experimental data. Overall, the results demon-
strate the accuracy of the coupling between DualSPHysics and MoorDyn to simulate the motion of a moored 
floating structure under the action of regular waves. Going forward, this modelling approach can be employed to 
simulate more complex floating structures such as floating wind turbines, buoys, WECs, offshore platforms, etc.   
1. Introduction 
This paper describes a numerical approach to simulate the move-
ment of floating structures moored to the sea bottom under the action of 
different incoming regular waves. A proper modelling would require 
that the nonlinear behaviour of the wave-structure interaction is 
reproduced by the numerical model and the reaction of the mooring 
system mimics the real dynamic behaviour of the mooring lines. The 
correct simulation of moored floating structures is key to save time and 
cost at the design stage of new offshore energy projects (Zabala et al., 
2019). The layout and material properties of the mooring system need to 
be selected carefully to increase the lifetime of floating structures under 
extreme wave conditions to increase their survivability. However, 
designing mooring lines requires a trade-off approach with regard to 
their mechanical properties: on one hand, the moorings need to allow 
some floating structures to align with the incident waves; on the other 
hand, the moorings need to be stiff enough to restrict undesired motions 
of the structure. 
Among the CFD (Computational Fluid Dynamics) models, meshbased 
or meshless approaches can be found. The meshbased methods are ideal 
for systems where the domain is perfectly defined and for simulations 
where the numerical domain boundaries remain fixed. Several mesh-
based methods have been recently used to simulate floating devices such 
as STAR-CCM in Elhanafi et al. (2017) or in Gu et al. (2018) and 
OpenFOAM in Devolver et al. (2018). However, the task of remeshing at 
every time step is inefficient when the domain is highly distorted during 
the execution, especially when simulating floating objects. In the last 
years, numerous meshless methods have appeared and grown in popu-
larity as they can be applied to highly nonlinear problems including 
arbitrarily complex geometries, which are difficult scenarios for mesh-
based methods (Belytschko et al., 1996). Among the existing meshless 
methods, Smoothed Particle Hydrodynamics (SPH) (Violeau and Rogers, 
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2016) is possibly the most popular and has attained the required level of 
maturity to be used for engineering purposes. SPH is an ideal technique 
to simulate free-surface flows and violent wave-structure interaction 
since there is no special treatment to detect the free surface, and 
therefore large free-surface deformations can be efficiently treated since 
there is no mesh distortion. Moving complex boundaries, floating 
bodies, and interfaces are easily treated with the SPH approach. In 
addition, the natural incorporation of singular forces into the numerical 
scheme is possible and straightforward. In recent years many papers 
have been published illustrating the latest advancements in SPH such as 
the developments about delta-SPH model (Sun et al., 2018; Meringolo 
et al., 2019a; Meringolo et al., 2019b), about ISPH, the incompressible 
approach of SPH (Zheng et al., 2017) and about particle shifting scheme 
(Khayyer et al., 2017). In addition, there are several papers that portray 
the robustness of SPH for coastal engineering applications (Xu and Lin, 
2017; Gotoh and Khayyer, 2018; Verbrugghe et al., 2018; Khayyer et al., 
2018). 
Therefore, the SPH model will be the basis of the numerical frame-
work in this work and the mooring dynamics will be solved by an 
external library that computes the tensions of mooring lines. This 
external mooring model includes the behaviour of catenary moorings, 
sea bottom friction, axial stiffness, and hydrodynamic drag and added 
mass. Many approaches have been developed during the past years to 
solve mooring dynamics, such as MDD (Dewey, 1999), SEAWAY 
(Journee and Adegeest, 2003), Orcina/OrcaFlex (Randolph and Quig-
gin, 2009), Moody (Ferri and Palm, 2015) and MoorDyn (Hall, 2018). 
Among the pioneering studies where particle methods incorporated 
mooring dynamics schemes for fully-Lagrangian meshless simulations 
we can find the works of Ikari and Gotoh (2009) and Ikari et al. (2011) 
that use MPS (Moving Particle Semi-implicit) to simulate waves inter-
acting with moored floating bodies including validation with detailed 
experimental data. However, in the literature there are a few works 
where SPH is coupled with a library that solves the mooring line tensions 
(Rudman and Cleary, 2016; Ardianti et al., 2017), but they do not 
include a validation that compares experimental and numerical time 
series of the motions of the moored floating structure and time series of 
the mooring tensions. 
In this work, the SPH based code named DualSPHysics is used to 
simulate the violent and non-linear wave-structure interaction of 
moored floating structures. DualSPHysics (Crespo et al., 2015) has been 
developed to use SPH for real engineering problems and can be run on 
either CPUs or GPUs (Graphics Processing Units with powerful parallel 
computing). GPUs offer now a higher computing power than CPUs and 
are an affordable option to accelerate SPH at a low economic cost. 
Thereby, the simulations can be performed using a GPU card installed on 
a personal computer. DualSPHysics is open source and can be freely 
downloaded from the website www.dual.sphysics.org. The package in-
cludes pre-processing tools, where the geometry can be introduced by 
means of a wide range of input files including CAD, STL, PLY files, etc., 
making the set-up of simulations straightforward. Advanced 
post-processing tools enable users to visualise data or to measure 
physical magnitudes such as, among others, vorticity, velocity and 
forces exerted on objects and walls. DualSPHysics has been applied in 
the coastal engineering for structures directly fixed to the seabed, e.g. to 
study the run-up on a real armour block coastal breakwater in Altomare 
et al. (2014) and Zhang et al. (2018), and to estimate sea wave impact on 
coastal structures in St-Germain et al. (2014) and Altomare et al. (2015). 
The capabilities of DualSPHysics to simulate freely fluid-driven objects 
were analysed in Canelas et al. (2015). 
A preliminary approach to solve mooring dynamics was imple-
mented in DualSPHysics in Barreiro et al. (2016). The algorithm was 
focused on continuous ropes and wires that could be described by the 
catenary function, providing a basic treatment of mooring lines by 
implementing the quasi-static approach proposed by Faltinsen (1993). 
This preliminary implementation was also applied to simulate floating 
wave energy converters moored to the seabed in Crespo et al. (2017). 
The tension of the mooring line was properly solved but the hydrody-
namic, inertial, and elastic contributions of the mooring line were 
neglected. For floating structures that experience significant motions, it 
is well documented that the behaviours captured by a dynamic mooring 
model relative to a quasi-static mooring model make a significant dif-
ference to the mooring tensions (Hall et al., 2014; Davidson and Ring-
wood, 2017). Accordingly, in the new approach proposed in the present 
paper, DualSPHysics is coupled with the dynamic mooring line model 
named MoorDyn (www.matt-hall.ca/moordyn). MoorDyn is open 
source and designed to work in conjunction with floating structure 
simulators. MoorDyn calculates the tensions of the mooring lines, which 
are added as external forces in order to compute the resulting response 
and motion of the moored floating structures. This is a complete and 
versatile library that, in conjunction with DualSPHysics, can be used to 
simulate complex floating structures. 
A similar example of coupling between a CFD model and an external 
library can be found in Palm et al. (2016), where the OpenFOAM solver 
(Higuera et al., 2013) was coupled with a high-order finite element 
model of mooring cables named Moody (Ferri and Palm, 2015). As far as 
we know, this is the first example of coupling between a meshless CFD 
method, SPH, with a dynamic mooring model, including proper vali-
dation of the structure motions and mooring forces. 
This paper is organised as follows: section 1 is the introductory part 
and provides the state-of-the-art, section 2 describes the DualSPHysics 
code and the MoorDyn library and how they are coupled, section 3 
shows the validation for freely floating and moored floating structures 
under the action of regular waves and section 4 presents the main 
conclusions of this work. 
2. Numerical model 
This section describes the main features of DualSPHysics code, the 
external mooring library MoorDyn and the principles of the coupling 
procedure. 
2.1. DualSPHysics code 
DualSPHysics is a SPH based code, so it is fully Lagrangian and 
meshless. The fluid is discretised into a set of nodal points, called par-
ticles, where position, velocity, density and pressure are computed as an 
interpolation of the corresponding parameter values of the neighbouring 
particles. The contribution of those neighbouring particles depends on 
the distance between the particles and the corresponding parameter 
value is obtained using a weighted kernel function (W) with an area of 
influence that is defined using a characteristic length called “smoothing 
length” (h). Weight functions play a fundamental role in SPH methods. 
More information about the properties of kernel functions can be found 
in Monaghan (1992) and Gomez-Gesteira et al. (2010). 
2.1.1. Governing equations in SPH 
The Navier Stokes equations can be written in a discrete SPH 
formalism. In this way the system of equations to be solved becomes: 
d ra
dt
 va (1)  
d va
dt
  
X
b
mb

Pb  Pa
ρb⋅ρa
 Πab

raWab  g (2)  
d ρa
dt

X
b
mbva   vb raWab  2δhc
X
b
ρb   ρa
rab⋅raWab
r2ab
mb
ρb
(3)  
being t time, r position, v velocity, P pressure, ρ density, m mass, c speed 
of sound, g the gravitational acceleration and Πab the viscous term. 
The kernel function, Wab, depends on the normalised distance be-
tween particles a and b. The Quintic kernel (Wendland, 1995), where the 
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weighting function vanishes for inter-particle distances greater than 2h, 
was adopted for the present study. 
The artificial viscosity proposed in Monaghan (1992) is used here 
(Πab). In addition, the density diffusion formulation proposed by Mol-
teni and Colagrossi (2009) is applied. This approach introduces a 
diffusive term to reduce density fluctuations, being δ  0.1 recom-
mended for most of applications. Note that the latest delta-SPH formu-
lation was presented in Meringolo et al. (2019b) where the method is 
free from calibration parameters. 
The fluid is treated as compressible in DualSPHysics, which means 
that an equation of state is used to calculate fluid pressure as a function 
of density rather than solving a Poisson-like equation. However, the 
compressibility is adjusted to slow the speed of sound so that the time 
step (based on the sound speed) is reasonable. Therefore, the system is 
closed by the addition of Tait’s equation of state: 
P 
c2ρ0
γ

ρ
ρ0
γ
  1

(4)  
where γ  7 is the polytropic constant, with ρ0 being the reference 
density of the fluid. 
Finally, a Symplectic algorithm (Leimkuhler et al., 1996) was used in 
the present work to integrate variables in time. A variable time step was 
calculated according to Monaghan et al. (1999), involving the CFL 
(Courant-Friedrich-Lewy) condition, the force terms and the viscous 
diffusion term. 
2.1.2. Boundary conditions 
Different boundary conditions have been implemented in Dual-
SPHysics and a complete analysis of advantages and drawbacks was 
presented in Domínguez et al. (2015). The Dynamic Boundary Condition 
(DBC) is the default method provided by DualSPHysics (Crespo et al., 
2007). This method uses boundary particles that satisfy the same 
equations as fluid particles, however they do not move under the forces 
exerted on them. Instead, they remain either fixed in position (walls, 
bottom, fixed obstacles) or move according to an imposed/assigned 
motion function (i.e. moving objects such as gates, wave-generators or 
floating structures). When a fluid particle approaches a boundary par-
ticle, and the distance between them decreases beyond the kernel range, 
the density of the boundary particles increases giving rise to an increase 
in pressure. This results in a repulsive force being exerted on the fluid 
particle due to the pressure term in the momentum equation (Eq. (2)). 
Complex geometries can be easily handled using DBC as shown in 
Altomare et al. (2014) or in Barreiro et al. (2016), which is an important 
advantage compared to other boundary conditions, especially for real 
engineering problems. 
2.1.3. Motion of floating structures 
One of the most interesting capabilities of DualSPHysics is the cor-
rect simulation of fluid-driven structures. In this way, it is possible to 
derive the motion of a floating structure by considering its interaction 
with fluid particles and using these forces to drive its motion. This can be 
achieved by summing the force contributions for the entire floating 
structure. By assuming that the structure is rigid, the net force on each 
boundary particle is computed according to the sum of the contributions 
of all surrounding fluid particles. Therefore, each boundary particle k 
experiences a force per unit mass given by 
fk 
X
a
fka (5)    
[1] where fka is the force per unit mass exerted by the fluid particle a 
on the boundary particle k, which is given by 
mkfka    mafak (6)    
[2] For the motion of the floating structure, the basic equations of 
rigid body dynamics 
M
dV
dt

X
k
mkfk (7)  
I
dΩ
dt

X
k
mkrk   R0  fk (8)    
[3] can then be used, where M is the mass of the object, I the moment 
of inertia, V the velocity, Ω the rotational velocity and R0 the 
centre of mass. Equations (7) and (8) are integrated in time in 
order to predict the values of V and Ω at the beginning of the next 
time step. Each boundary particle within the structure has a ve-
locity, u, given by 
uk VΩ rk   R0 (9) 
Finally, the boundary particles that constitute the rigid structure are 
moved by integrating Eq. (9) in time. The work of Monaghan et al. 
(2003) showed that this technique conserves both linear and angular 
momentum. 
2.2. MoorDyn library 
MoorDyn is an open-source dynamic mooring line model that has 
been designed for coupling with other numerical models (Hall, 2018). It 
discretizes mooring lines as point masses (nodes i) connected by linear 
spring-damper segments to provide elasticity in the axial direction. If ri 
and ri1 represent the absolute position vectors of two adjacent nodes, 
the strain in the segment connecting them (i1/2) is calculated as: 
ei1 =2 
kri1  rik
l
  1

(10)  
where l is the segment unstretched length. 
The tension forces acting within each segment due to material stiff-
ness and internal damping are then calculated, respectively, as: 
Ti1 =2  E
π
4 diam
2ei1 =2 (11)  
Ci1 =2  Cint
π
4 diam
2∂ei1 =2
∂t (12)  
where diam is line diameter, E is elasticity modulus and Cint is the in-
ternal damping coefficient. For chains, which have very small internal 
structural damping, a small amount of structural damping is still 
included in the model to critically damp non-physical resonances that 
can occur at the individual segment natural frequencies due to the model 
discretization. Bending and torsional stiffnesses are neglected. Hydro-
dynamic damping and added mass are represented using the Morison 
equation applied to each node. The tangent direction at a node i is 
approximated as a unit vector aligned between the nodes on either side: 
bqi 
 ri1   ri  1
kri1   ri  1k

(13) 
From the Morison equation, the drag force in the transverse (Dn) and 
tangential (Dt) directions applied to node i are: 
Dni
1
2ρwCdnl⋅diam⋅




∂ri
∂t ⋅bqi

bq i  
∂ri
∂t




∂ri
∂t ⋅bqi

bq i  
∂ri
∂t

(14)  
Dti
1
2ρwCdtl⋅diam⋅





 
∂ri
∂t ⋅bq i

bqi





 
∂ri
∂t ⋅bqi

bqi

(15)  
where Cdn and Cdt are transverse and tangential drag coefficients, 
respectively. These forces are calculated assuming quiescent water; 
wave kinematics are neglected in MoorDyn’s calculation of 
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hydrodynamic loads. 
Added mass on each node (ai) is calculated as a matrix 
ai ρw
π
4 l⋅diam
2⋅

Can
 
Im   bqibqTi

 Cat
 
bqibqTi

(16)  
where Can and Cat are transverse and tangential added mass coefficients, 
respectively, and Im is the identity matrix. 
Vertical seabed contact forces (Bi) are modelled by a spring-damper 
approach using a stiffness coefficient kb and damping coefficient cb with 
magnitude (Hall, 2017): 
Bi  l⋅diam

zb   zikb  
∂zi
∂t cb

(17)  
that is activated whenever the elevation of a node, zi, passes below the 
defined seabed depth, zb. The model is only active when a node contacts 
the seabed (i.e. when zi  zb). 
The total equation of motion for each node along a mooring line, 
accounting for the terms already mentioned along with node mass 
(matrix mnode,i), and submerged weight (Wsub,i), is then 
mnode;i  ai
∂2ri
∂t2 Ti1
=
2   Ti  1 =2  Ci1 =2   Ci  1 =2 Wsub;i  Bi  Dni  Dti
(18) 
This three-by-three matrix equation is solved for each node within a 
constant-time-step second-order Runge-Kutta integrator. 
With its simple formulation, MoorDyn has shown to be computa-
tionally efficient and reliable for common offshore renewable energy 
mooring scenarios, typically giving accurate results with discretizations 
in the order of 20 segments per mooring line (Hall and Goupee, 2015; 
Vissio et al., 2015; Sirnivas et al., 2016). Finer discretizations are usually 
only necessary when transients emerge in the seabed contact forces due 
to individual nodes touching down abruptly. Work is ongoing on the 
addition of lateral seabed friction models and the ability to model 
moorings that connect multiple floating structures (Hall, 2017). With its 
linear elasticity model and Morison-equation hydrodynamics, MoorDyn 
does not capture higher-fidelity details such as nonlinear material 
properties, the effect of wave kinematics on the hydrodynamic mooring 
line loads, or the Reynolds-dependence of drag and added mass 
coefficients. However, these modelling simplifications are consistent 
with the state-of-the-art for modelling chains of offshore structures, and 
previous works have shown to give reasonable results in typical condi-
tions (Vissio et al., 2015; Hall and Goupee, 2015; Sirnivas et al., 2016). 
2.3. Two-way coupling DualSPHysics-MoorDyn 
Fundamentally, coupling MoorDyn with other codes is based on a 
loose coupling approach in which fairlead kinematics are passed to 
MoorDyn, the mooring system dynamics are calculated for one or more 
time steps, and then the resulting fairlead tension vectors are transferred 
back to the other simulation code used for the coupling. 
Fig. 1 shows a schematic diagram of the DualSPHysics imple-
mentation coupled with MoorDyn library, which is split into three steps:  
1) The motions and rotations initially solved in DualSPHysics (V, Ω, R0) 
are passed to MoorDyn and used as input for the mooring line fair-
lead kinematics;  
2) MoorDyn solves the mooring line behaviour during the time step 
used in the DualSPHysics model, namely MoorDyn updates the po-
sition of the segments of the mooring line and computes the forces at 
the fairlead connections (dV/dt, dΩ/dt), which are transferred back 
to DualSPHysics; 
3) The extra forces calculated in the second step are added in Dual-
SPHysics to obtain the final resulting force acting onto the floating 
structure that is used to compute the final motions and rotations of 
the floating structure. 
The computational cost of MoorDyn at each time step is negligible 
compared to the execution time needed to solve one time step in the SPH 
model. 
3. Results 
The goal of this section is twofold: on the one hand, the accuracy of 
DualSPHysics to reproduce the movement of solid objects immersed in 
the fluid is tested and, on the other hand, the new DualSPHysics- 
MoorDyn coupled model is validated. 
The first goal is accomplished by means of an experiment where a 
Fig. 1. Flow chart of the two-way coupling procedure between the SPH model DualSPHysics and MoorDyn library.  
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regular wave train interacts with a freely floating box. The accuracy of 
DualSPHysics to simulate floating objects was analysed in Canelas et al. 
(2015), but in a simplified case where only buoyancy acted on the ob-
jects. The second goal is accomplished by means of a more complex 
experiment where regular waves interact with a moored floating box. 
3.1. Regular waves interaction with a freely floating box 
As we mentioned above, the sinking and lifting of spheres of different 
densities was simulated in Canelas et al. (2015) assuming that the sur-
rounding water was initially at rest. Although the buoyancy of the ob-
jects was accurately simulated with DualSPHysics, the movement of 
floating objects under the action of waves was not tested in that work. 
Bouscasse et al. (2013) included the validation with experimental data 
of the movement of a floating rectangular prism subjected to a wave 
packet. At the focusing point the wave packet was quite steep and had a 
Fig. 2. Numerical setup for the experiment by Ren et al. (2015) using a freely floating box.  
Table 1 
Different resolutions to simulate the freely floating box and GPU runtime.  
dp Np Runtime 
0.015 m 13,311 6.9 min 
0.010 m 30,123 12.5 min 
0.005 m 118,663 31.2 min  
Fig. 3. Different time instants of the interaction of regular waves with the freely floating box using DualSPHysics. Colours of the particles correspond to the values of 
horizontal flow velocities. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
J.M. Domínguez et al.                                                                                                                                                                                                                          
Coastal Engineering 153 (2019) 103560
6
wave height equal to the body height, therefore a nonlinear behaviour 
was observed in both the resulting wave evolution and the body motion. 
On the other hand, Ren et al. (2015) also validated their SPH model 
against experiments of nonlinear waves interacting with a freely floating 
box. 
Here, the same test case presented in Ren et al. (2015) is used to 
validate DualSPHysics. The experimental data included the time series 
of the motions (heave, surge and pitch) of a freely floating box (30 cm 
long, 20 cm high and 42 cm wide) with a mass of 12.6 kg (which results 
in a density of 500 kg/m3). The numerical setup, which is based on the 
experiment by Ren et al. (2015), is shown in Fig. 2 and consist of a 2-D 
numerical wave flume 6 m long with an initial water depth (d) of 0.4 m. 
A piston-type wave generator is set on the left-hand side of the numerical 
flume and a wave dissipative beach is placed at the other side to limit the 
presence of reflected waves in the flume. Regular waves were tested 
during the physical tests with wave height H  0.1 m and wave period 
T  1.2 s. 
To generate the numerical setup in DualSPHysics, an initial inter-
particle distance, dp, is first defined to create the fluid and boundary 
particles. Altomare et al. (2017) and Rota-Roselli et al. (2018) found a 
good compromise between accuracy and computational time when 
using ~10 particles per wave height (so that H/dp  10). In this work, a 
convergence study is carried out and three different resolutions are 
tested using not only H/dp  10, but also H/dp  5 and H/dp  20. If 
wave height is H  0.1 m, the different resolutions will be achieved by 
creating particles with dp  0.015 m, dp  0.010 m and dp  0.005 m. 
The number of particles generated with these different resolutions are 
shown in Table 1. The chosen physical time was 15 s, during which 
several consecutive waves interacted with the floating box. The 
computational runtimes needed to simulate those 15 s using a GPU 
GeForce GTX 1080 are also shown in Table 1. 
Some time instants of the simulation, using dp  0.005 m, are 
depicted in Fig. 3 and Fig. 4. One full wave period is represented here, 
from time  7.2 s (6T) to time  8.4 s (7T), and a complete cycle in the 
pitch angle can be observed. Note how the first and last time instant 
show the same horizontal flow velocity field and the same pitch angle of 
the freely floating box. The colours of the particles correspond to the 
values of horizontal flow velocities in Fig. 3 and to the values of pressure 
in Fig. 4. 
Fig. 5 provides a comparison between numerical and experimental 
results. Numerical values are obtained with DualSPHysics for the three 
different resolutions (dp  0.015 m, dp  0.010 m and dp  0.005 m) and 
the experimental data was provided by Ren et al. (2015). The figure aims 
to prove how numerical results converge to the experimental data 
through refinement of computational elements (number of particles). 
The first row of Fig. 5 corresponds to water elevation (ƞ) measured at 
box location, but without the presence of the box and a good agreement 
is observed between experimental and numerical data for the different 
resolutions. Second row corresponds to heave motion, where numerical 
values match the experimental data but accuracy increases with the 
resolution. The surge motion is shown in the third row and it can be 
observed how the simulations with higher resolution reproduce better 
Fig. 4. Different time instants of the interaction of regular waves with the freely floating box using DualSPHysics. Colours of the particles correspond to the values of 
pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the experimental time series. Finally, the time series of the experimental 
and the numerical pitch angles are compared in the last row of Fig. 5 and 
it is worth mentioning that when reducing the numerical resolution, the 
pitch angles are no longer in phase with the experimental solution. 
In order to show how fast results converge to the reference solutions, 
the model skills are quantified by means of two different non- 
dimensional error estimators: the linear correlation coefficient and the 
error in amplitude. The linear correlation coefficient, R, is employed to 
quantify the phase difference between two temporal signals and it is 
defined as: 
R 
1
N
PN
n1
Mn   MOn   O
σMσO
(19) 
Fig. 5. Comparison between experimental and numerical time series of water elevation (ƞ), surge and heave motion and pitch angle of the freely floating box tested 
by Ren et al. (2015) under the action of regular waves. 
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Table 2 
Linear correlation coefficient (R) and error in amplitude (A) for different reso-
lutions to simulate the freely floating box.   
dp  15 mm dp  10 mm dp  5 mm 
R A R A R A 
Elevation 0.86 0.88 0.83 0.91 0.83 0.91 
Heave 0.91 0.87 0.92 0.94 0.90 0.98 
Surge 1.00 0.79 1.00 0.88 1.00 0.97 
Pitch 0.19 1.15 0.72 1.22 0.97 1.07  
Fig. 6. Centroid trajectories of the floating box.  
Table 3 
A set of different regular wave conditions generated during the experimental 
campaign for the EsfLOWC project.  
ID name T (s) H (m) d (m) L (m) H/L 
Case1 1.60 0.12 0.5 3.100 0.039 
Case2 1.80 0.12 0.5 3.615 0.033 
Case3 2.00 0.12 0.5 4.116 0.029  
Fig. 7. Numerical setup for the experiment at Ghent University by Wu et al. (2018) during the EsfLOWC project using a moored floating box. a) lateral view of the 
numerical flume, b) plan view of the numerical flume, c) detail of side and plan view of the box in the wave flume. 
Table 4 
Parameters of the box and the mooring lines for the EsfLOWC experiments.  
Parameter Value 
box length 20 cm 
box width 20 cm 
box height 13.2 cm 
box weight (connections) 3.6 kg 
centre of gravity of box (X,Y,Z) (0, 0,   1.26) cm 
box lip draught 7.86 cm 
mooring diameter 3.656 mm 
mooring weight (per length) 0.607 g/cm 
mooring length 145.5 cm  
Table 5 
Coordinates of the mooring line anchor and fairlead 
connections.  
POINT Coordinates X,Y,Z (cm) 
Fairlead a   10,   10,   7.36 
Fairlead b   10, 10,   7.36 
Fairlead c 10,   10,   7.36 
Fairlead d 10, 10,   7.36 
Anchor A   138.5,   42.3,   50 
Anchor B   138.5, 42.3,   50 
Anchor C 138.5,   42.3,   50 
Anchor D 138.5, 42.3,   50  
Table 6 
Positions of the wave gauges along the wave flume.  
Wave gauge X (m) Y (m) 
WG1   2.74 0.00 
WG2   0.05 0.26 
WG3 0.07   0.36 
WG4 0.55 0.00 
WG5 1.90 0.00 
WG6 2.90 0.00  
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where the letter N is the number of values of the time series, M indicates 
the values of numerical model prediction, O the experimental observa-
tion, σ the standard deviation and the overbar represents the average. R 
is bounded between   1 and 1. If the mismatch between model and 
observation are negligible, R tends to 1, and when R is negative, it means 
that the signals are in antiphase. However, R is not enough to express 
differences in amplitude. Therefore, the error in amplitude, A, will be 
computed using: 
A 

PN
n1
Mn2
PN
n1
On2
v
u
u
u
u
u
u
t
(20) 
Table 2 includes the values of R and A that measure the accuracy in 
terms of phase and amplitude, respectively, for the different numerical 
resolutions. It can be concluded that the values of R and A are closer to 1 
when increasing the numerical resolution. The results of water eleva-
tion, heave and surge are in better agreement when increasing the 
number of particles. However, the numerical results obtained for the 
pitch angle only match the experimental ones with enough accuracy 
when using the higher resolution (dp  0.005 m). 
The results shown in Fig. 5 and Table 2 prove the capability of 
DualSPHysics to simulate fluid-driven structures under the action of 
regular waves. Moreover, Fig. 6 shows the centroid trajectories (X 
position against Z position) of the floating box in few motion periods 
when using dp  0.005 m and a good agreement is observed as well. 
3.2. Regular waves interaction with a moored floating box 
Once the capability of DualSPHysics to reproduce the interaction 
between waves and freely floating objects has been tested, a new 
experiment with a moored floating box is reproduced in this section to 
validate the coupling between DualSPHysics and MoorDyn. 
The experimental data set was generated during the experimental 
campaigns of the European MaRINET2 EsflOWC project that aims to 
study the fluid-structure interaction between ocean waves and moored 
floating structures. The scale model tests were carried out in a pre-
liminary phase in the wave flume of the Coastal Engineering Research 
Group of Ghent University in Belgium (Wu et al., 2018), which is 
equipped with a piston-type wave generator. During the EsfLOWC 
project, several tests were carried out under different wave conditions, 
with the aim of generating an experimental database, freely available for 
public use by the scientific community. Table 3 shows the incident 
regular wave conditions of the tests where H is the wave height, T the 
wave period, d the water depth and L the wavelength. The wave 
steepness is defined as H/L. 
The moored floating structure considered here is a solid box 20 cm 
long, 13.2 cm high and 20 cm wide. The box is made of light PVC ma-
terial with a density of 570 kg/m3. A high wood plate was attached to 
Fig. 8. Different time instants of the interaction of regular waves with the moored floating box using DualSPHysics and MoorDyn (Case 1).  
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the front side of the box facing the incoming waves, on which reflective 
markers have been installed to be used by a 6-DOF motion tracking 
system. The mooring system connects the floating box to the wave flume 
bottom through four chains of the same length arranged in a catenary 
layout. The load cells were installed at the anchoring point and mounted 
rigidly to the tank bottom with the axis of measurement oriented hori-
zontally. As such, they do provide a direct and accurate measurement of 
the horizontal component of the pull force, at the anchoring point, 
transmitted by the mooring line when it is totally lifted. According to the 
Newton’s third law, this force has the same magnitude and opposite 
direction of the horizontal component of the tension acting on the 
mooring line at its end at the anchoring point. The model 1042 Tedea- 
Huntleigh with a range of 0–10 kg was used. Their weight is not rele-
vant here since they were fixed to the flume bottom. The sampling fre-
quency was 1000Hz. The material of the moorings was iron alloy. The 
mooring line chain ring was connected to the load cell with two tight 
cable ties. In the fairlead side, the line was connected to an iron hook on 
the box model. The real diameter of a single chain ring was 1.8 mm and 
the axial stiffness of the chain was 19 N/mm. The mooring lines were 
initially under pretension due to its own weight. It has been evaluated 
that experimental and numerical initial tension values are close to 
0.32–0.33 N. 
The numerical wave flume created in DualSPHysics (Fig. 7) is shorter 
than the experimental one in order to reduce the computational cost of 
the simulations. In the experimental flume the moored floating box was 
located 12 m away from the wave generator, however in the numerical 
flume a distance similar to one wavelength was used, which is sufficient 
to guarantee the correct generation and propagation of the target waves. 
In addition, the wave dissipative beach is also closer to the floating box 
in the numerical setup and starts at a distance of one wavelength 
downstream of the box. Fig. 7 includes the side (a) and plan view (b) of 
the numerical setup used for the simulation with the moored floating 
box and the details of the configuration of the mooring lines (c). 
Table 4 includes the dimensions and properties of the moored 
floating box tested during the EsfLOWC experiments. The properties of 
the four mooring lines are also presented in Table 4, with “mooring 
diameter” referring to the diameter which results in an equivalent vol-
ume. Some details of the experimental setup, such as the chain attach-
ments or the front high wood plate were not represented in the 
numerical model. However, the extra mass of these physical items are 
considered in the numerical approach and a total mass of 3.6 kg are 
imposed to the numerical floating box. 
Note that the experimental values of the box inertia matrix are 
Ixx  0.015 kg m
2, Iyy  0.015 kg m
2 and Izz  0.021 kg m
2 (the box 
model was symmetric in three principal axes and the cross components 
are all 0). However, the inertia matrix was also obtained by the pre- 
processing tool of DualSPHysics within an approximation using the 
particle distribution: Ixx  0.0167 kg m
2, Iyy  0.0167 kg m
2 and 
Izz  0.0231 kg m
2. This numerical moment of inertia, very similar to the 
experimental one, was used in the simulations of this work and the re-
sults do not differ from using the actual experimental matrix. 
The mooring lines were represented in MoorDyn with a 
Fig. 9. Comparison between experimental and numerical time series of free-surface elevation at wave gauges WG1, WG2, WG3 for the three regular wave test 
cases (Table 3). 
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discretization of 40 segments per line, which gives a detailed and 
converged motion result. The line elasticity modulus was set to 
2.78 MPa, which was found to match the experimental tension response 
of the lines. The line elasticity is much less than a typical metal material 
value because it is affected by chain link deformation (the chain links are 
not welded shut at this small scale) and also by additional elasticity 
caused by chain end connections and load cell deformation. The line 
internal damping coefficient was set automatically in MoorDyn to give a 
damping ratio of 80% on each segment. Added mass was considered in 
the transverse direction only, with a coefficient of 1.0, consistent with a 
cylindrical approximation. Quadratic damping coefficients are set to 1.6 
in the transverse direction and 0.05 in the axial direction. These values 
arrived by manual tuning of estimates from previous experience. 
Because chain properties, scale, and velocities vary widely between test 
campaigns, it is common to tune these empirical coefficients to suit each 
model test. Seabed friction was not included in the model for these 
simulations, similarly to many other MoorDyn simulations, which still 
found good agreement to experimental results since friction with the 
wave tank bottom is quite small. 
More information about the mooring configuration can be found in 
Table 5, which includes the locations of the fairleads on the box and 
anchor points at the wave flume bottom. Note that “a, b, c, d” corre-
spond to fairlead connections and “A, B, C, D” to the anchor points. 
Mooring lines 1 (connecting A with a) and 2 (B-b) are the front lines with 
regard to wave propagation direction, and mooring lines 3 (C-c) and 4 
(D-d) are the leeward side rear lines. Note that the positive X-axis fol-
lows the main wave propagation direction in the wave flume with X  0 
considered in the middle of the box, and the Y-axis corresponds to the 
direction perpendicular to the wave propagation direction with Y  0 in 
the middle of the box. 
In order to understand better the response of the box and therefore 
the results obtained with the numerical model and from the physical 
tests, the natural frequencies of the whole system (box alone and box 
plus mooring system) should be given. Decay tests were reproduced in 
Crespo et al. (2018) where a good agreement between experimental and 
physical results was shown for the not-moored and moored configura-
tion. In all those cases, the natural frequencies for the vertical oscilla-
tions were found to be 1.33 Hz (natural period of oscillation of 0.75 s). 
The experimental data include: i) motions of the moored floating box 
(heave, surge and pitch), ii) mooring tensions at the anchor points for 
the front and rear mooring lines and, iii) free-surface elevations at 
different locations within the wave flume. The water elevation was 
registered using resistive wave gauges (WGs). The WG positions along 
the wave flume are presented in Table 6 and depicted in Fig. 7. Note that 
WG1 is located between the wave generator and the moored floating 
box, WG2 and WG3 are at positions between the box and the lateral 
wave flume walls, and WG4, WG5 and WG6 are after the box and before 
the wave dissipative beach. 
The simulations to be executed in this section are 3D, so that a good 
compromise between computational runtime and accuracy needs to be 
achieved. Following the recommendations of Altomare et al. (2017) that 
suggested more than 10 particles in the wave height, and considering the 
convergence study performed before (section 3.1), the initial particle 
distance was defined as dp  0.01 cm, therefore H/dp  12. This initial 
Fig. 10. Comparison between experimental and numerical time series of free-surface elevation at wave gauges WG4, WG5, WG6 for the three regular wave test 
cases (Table 3). 
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interparticle distance leads to a total number of 4,833,204 particles. 
Using a GPU card GTX 1080 as execution device, the numerical tests 
took ~18 min to simulate 1 s of physical time. 
The floating body is initially placed at the same position of equilib-
rium as in the experiment before the waves arrive. Density of the box is 
600 kg/m3 so that the box is 60% submerged. In the case of the mooring 
system, MoorDyn will compute the tensions at each numerical segment 
of the chains at rest and moorings remain motionless before waves move 
the box and hence the fairleads connection. Different time instants of the 
simulation Case1 (Table 3) are depicted in Fig. 8. The colour of the free 
surface corresponds to the value of the horizontal flow velocity. The 
different frames correspond to different instants over one wave period, 
from time  8.0 s (5T) to time  9.6 s (6T), so that a complete cycle of 
surge and heave oscillations of the box can be observed. It is worth 
mentioning that at the beginning of the simulation the floating box and 
the four mooring lines are, actually, at equilibrium and they are not 
moving before the waves arrive, which proves that the initial condition 
was correctly defined in DualSPHysics and MoorDyn, respectively. 
The figures of experimental and numerical comparison (Figs. 9–12) 
include time series for 16 s only. Longer series are not shown here since 
reflected waves, in the physical tests, affected the experimental mea-
surements. In other words, the passive absorption in the laboratory was 
not so efficient, while the numerical dissipative beach reduces reflection 
to less than 10%. 
The time series of the free-surface elevation measured by the wave 
gauges described in Table 6 are depicted in Fig. 9 (WG1, WG2, WG3) and 
Fig. 10 (WG4, WG5, WG6) for the three test cases (Table 3). The 
agreement between numerical and experimental free-surface elevations 
is good. The small differences between both signals are much lower than 
the numerical resolution, which is usually related to the smoothing 
length value (Altomare et al., 2017). In this case the smoothing length is 
around h  0.02 m. One reason to understand better why some dis-
crepancies are observed in the last seconds shown in these figures is 
related to the different reflection registered in the numerical and 
experimental flume. The reflection coefficient registered in the numer-
ical dissipative beach (slope 1:10 in Fig. 7) for the three different wave 
conditions was 5% (Case 1), 6% (Case 2) and 8% (Case 3). For this 
reason, numerical results are hardly affected by reflection, however, 
experimental results diverge after some time; for example starting from 
14 s for WG5 and from 12 s and WG6. 
Fig. 11 presents the comparison between the numerical and experi-
mental time series for surge and heave motions and pitch angles. The 
small differences observed for surge and heave signals are much lower 
than the numerical error, related to the smoothing length value. In the 
case of the pitch angle, higher discrepancies are obtained. As mentioned 
before, the experimental centre of gravity is imposed in the simulations 
and the moment of inertia computed by DualSPHysics was close to the 
experimental one and it was verified that results were not so different. In 
particular, no differences were observed comparing the time series of the 
pitch angle using the experimental inertia matrix and the numerical one. 
The only definition in geometry that may can affect the results is the 
presence, in the experiments, of the front plate (supporting camera 
marks), where it was observed that the water splashed on this plate, 
rather than a normal overtopping. This could explain the discrepancies 
Fig. 11. Comparison between experimental and numerical time series of surge, heave and pitch of the moored floating box for the three regular wave test 
cases (Table 3). 
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between the experimental and numerical pitch angle. 
As it can be seen from Fig. 11, the pitch motion time series of Case 3 
show a second harmonic in the case of the experimental measurement, 
but this second harmonic is shown in the numerical modelling as well 
thus proving the capability of the latter to correctly capture such non- 
linear feature of the floater dynamics. Moreover, note that a second 
harmonic is also evident in the numerical results related to the Case 2 
but it is not so evident for the experimental measurement. Indeed, 
neither the experiments nor the numerical simulation show the second 
harmonic for the Case 1 i.e. the shorter waves, thus this phenomenon 
might also be related to the non-linearities that grows up in inter-
mediated water depth conditions. 
Sway motion and roll and yaw angles were not shown since they are 
negligible, both in the numerical simulations and in the experiments 
(Table 7 includes average and standard deviation of these negligible 
motions). 
Fig. 12 shows the mooring line anchor tensions in one of the two 
front mooring lines (line 1) and in one of the two rear lines (line 3). Only 
Fig. 12. Comparison between experimental and numerical time series of tensions of the front, line 1 (top), and rear mooring lines, line 3 (bottom), for the three 
regular wave test cases (Table 3). 
Table 7 
Average and standard deviation (STD) of experimental and numerical sway 
motion and roll and yaw angles for the three different cases.  
Experiment Case 1 Case 2 Case 3 
Average  STD Average  STD Average  STD 
Sway [m] 1.71E-03 ± 2.00E- 
03 
2.52E-03 ± 2.54E- 
03 
3.89E-03 ± 3.81E- 
03 
Roll [] 2.84E-02 ± 8.31E- 
02 
1.25E-02 ± 9.02E- 
02 
  9.07E- 
03 ± 3.40E-01 
Yaw [] 2.48E-01 ± 1.54E- 
01 
3.01E-01 ± 2.35E- 
01 
7.57E-01 ± 
1.00E00 
DualSPHysics Average  STD Average  STD Average  STD 
Sway [m] 9.35E-05  4.72E- 
04 
  4.98E- 
04  4.60E-04 
4.14E-05  3.98E- 
04 
Roll [] 3.91E-02  5.14E- 
02 
  1.50E- 
02  5.61E-02 
  7.63E- 
03  8.32E-02 
Yaw []   1.99E- 
01  3.32E-01 
  4.81E- 
01  4.25E-01 
4.40E-01  7.91E- 
01  
Table 8 
Linear correlation coefficient (R) and error in amplitude (A) for the three regular 
wave test cases.   
Case 1 Case 2 Case 3 
R A R A R A 
WG1 0.98 1.02 0.99 0.98 0.97 0.97 
WG2 0.97 0.90 0.91 0.90 0.97 0.90 
WG3 0.99 0.97 0.85 0.98 0.94 0.98 
WG4 0.96 0.99 0.98 0.98 0.98 0.95 
WG5 0.99 0.97 0.99 0.94 0.97 1.00 
WG6 0.97 0.94 0.99 0.97 0.98 0.91 
Heave 0.99 1.01 0.99 1.01 0.96 1.00 
Surge 0.95 0.97 0.98 0.96 0.98 1.05 
Pitch 0.98 1.23 0.91 1.12 0.89 2.10 
Tension1 0.89 0.97 0.91 1.12 0.92 0.98 
Tension3 1.02 0.90 0.88 1.14 0.88 1.14  
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the horizontal component of the pull force is represented, to match the 
horizontal orientation of the axis of measurement of the single direc-
tional load cell used in the tests. For the experimental data, the hori-
zontal force is the pull force component in the horizontal plane and, for 
the numerical data, the horizontal force is computed accordingly using 
both X and Y components. An average filter is applied to the experi-
mental data (measured at 1000 Hz), while numerical results are saved at 
100 Hz without applying any filter. 
Highly dynamic line tensions are evident in both front and rear lines, 
with snap load conditions occurring, especially in Case 3. Although the 
stochasticity of snap load behaviour is difficult to perfectly recreate 
numerically, there is good agreement between the experimental and 
numerical tension amplitudes for both the front and rear mooring lines 
(these errors will be also quantified below). Small discrepancies can in 
part be attributed to the chain attachments and other details of the 
experimental setup, which were not represented in the numerical model. 
For instance, MoorDyn is not able to represent a mooring line being 
attached to, or running through, an eye hook, or the elasticity and loose 
behaviour of cable ties used to make end connections. 
Finally, the error estimators defined in previous section (linear cor-
relation coefficient, R and error in amplitude, A) are used again to 
measure discrepancies between experimental and numerical free- 
surface elevations, heave, surge, pitch and tensions in the front and 
rear lines. Good agreement is confirmed for free-surface elevation, heave 
and surge, while higher errors are measured for pitch and mooring 
tensions (see Table 8). 
4. Conclusions 
This study focuses on the numerical modelling of floating structures, 
both freely moving and moored to the sea bottom, using DualSPHysics 
coupled with the MoorDyn library. 
Numerical results were compared with experimental data by Ren 
et al. (2015) and Wu et al. (2018) (from the MaRINET2 EsfLOWC 
project). The latter physical tests consist of a floating box moored to the 
bottom through four chains. 
Good agreement was obtained between the numerical and experi-
mental motion of the box (surge, heave and pitch) as well as for the 
tensions in the front and rear mooring lines. The DualSPHysics-MoorDyn 
coupled model has been demonstrated to be accurate in simulating the 
motion of the freely and moored floating box under the action of regular 
waves. However, the model still needs to be proven under several sea 
states (also irregular waves) including those where the natural periods of 
the structures are matched. 
The presented coupled model can then be employed to simulate more 
complex floating structures such as floating wind turbines, buoys, WECs, 
offshore platforms, etc. The capabilities of the model will help in the 
design of moorings that guarantee the survivability of offshore struc-
tures under extreme wave conditions. 
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